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(57) Abstract: The invention is a system (1 1) for transmitting data through a string of down-hole 
components. In accordance with one aspect of the invention, the system (11) includes a plurality of 
down-hole components, such as sections of pipe in a drill string. Each down -hole component includes 
a pin end (13) and a box end (7), with the pin end (13) of one down-hole component being adapted to 
be connected to the box end (17) of the other. Each pin end (13) includes external threads (15) and an 
internal pin face distal to the external threads (15). Each box end (17) includes an internal shoulder 
face with internal threads (18) distal to the internal shoulder face. The interna] pin face and the internal 
shoulder face are aligned with and proximate each other when the pin end (13) of one component is 
threaded into a box end (17) of the other component. The system also includes a first communication 
element located within a first recess formed in each internal pin face and a second communication 
element located within a second recess formed in each internal shoulder face. Preferably, the first 
and second communication elements are inductive coils. Most preferably, the inductive coils each lie 
within a magnetically conductive, electrically insulating element, which take the form of a U-shaped 
trough. The system (11) also includes a conductor in communication with and running between each 
first and second communication element in each component. 
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DATA TRANSMISSION SYSTEM FOR A 
STRING OF DOWNHOLE COMPONENTS 

CROSS-REFERENCE TO RELATED APPLICATION 

The present application is a continuation-in-part of application no. 
09/619,084, filed July 19, 2000, and a continuation-in-part of application no. 
09/816,766, filed March 23, 2001, the entire disclosures of which are incorpo- 
rated herein by reference. 

BACKGROUND OF THE INVENTION 

The present invention relates to the field of data transmission systems, 
particularly data transmission systems suitable for use in downhole environ- 
ments, such as along a drill string usied in oil and gas exploration, or along the 
casings and other equipment used in oil and gas production. 

The goal of accessing data from a drill string has been expressed for 
more than half a century. As exploration and drilling technology has improved, 
this goal has become more important in the industry for successful oil, gas, and 
geothermal well exploration and production. For example, to take advantage of 
the several advances in the design of various tools and techniques for oil and 
gas exploration, it would be beneficial to have real time data such as tempera- 
ture, pressure, inclination, salinity, etc. Several attempts have been made to de- 
vise a successful system for accessing such drill string data. These systems can 
be broken down into four general categories. 

The first category includes systems that record data downhole in a mod- 
ule that is periodically retrieved, typically when the drill string is lifted from the 
hole to change drill bits or the like. Examples of such systems are disclosed in 
the following U.S. Patents: 3,713,334; 4,661,932 and 4,660,638. Naturally, 
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these systems have the disadvantage that the data is not available to the drill 
operator in real time. 

A second category includes systems that use pressure impulses transmit- 
ted through the drilling fluid as a means for data communication. For example, 
see U.S. Patent No. 3,713,089. The chief drawbacks to this mud pulse system 
are that the data rate is slow, i.e. less than 10 baud; the system is complex and 
expensive; the results can be inconsistent; and the range of performance can be 
limited. In spite of these drawbacks, it is believed that this mud pulse system is 
the only real time data transmission system currently in commercial use. 

The third category includes systems that transmit data along an electrical 
conductor that is integrated by some means into the drill string. Examples of 
such systems are disclosed in the following U.S. Patents: 3,879,097; 4,445,734 
and 4,953,636. Because the drill string can be comprised of several hundred 
sections of drill pipe, it is desirable to locate the electrical system within each 
section of pipe and then provide for electrical connections when the sections are 
joined together. A decided drawback of such systems is the fact that the down- 
hole environment is quite harsh. The drilling mud pumped through the drill string 
is abrasive and typically has a high salt content. In addition, the downhole envi- 
ronment typically involves high pressures and temperatures. Moreover, heavy 
grease is typically applied at the joints between pipe sections. Consequently, 
the reliance on an electrical contact between joined pipe sections is typically 
fraught with problems. 

A fourth category includes systems that use a combination of electrical 
and magnetic principles. In particular, such systems have an electrical conduc- 
tor running the length of the drill pipe and then convert the electrical signal into a 
corresponding magnetic field at one end. This magnetic field is passed to the 
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adjacent drill pipe and then converted to back to an electrical signal. Examples 
of such systems are described below. 

U.S. Patent No. 2,379,800 to Hare describes a system with a primary 
transformer coil, consisting of a wire wound around a soft iron core, being in- 
stalled within an annular groove at one end of the pipe and a similar, secondary 
transformer coil, being installed within an annular groove at the other end of the 
pipe. When the pipes are connected, the primary and secondary coils are 
brought close together. Once the signal is transmitted across the joint, it is car- 
ried along the drill pipe by a wire connected to the coil in the opposite end of the 
pipe. This system also included condensers, rectifiers, and amplifiers to aid the 
transmission of the signal from one pipe to another. 

U.S. Patent No. 2,414,719 to Cloud, discloses a serial inductive coupling 
system including a series capacitor in each link to tune the system to a given 
pass band, typically around 3 kHz. The capacitor has the undesired feature of 
providing a narrow bandwidth. Cloud also suggested the use of a U-shaped 
trough of a "magnetic member" (see reference numeral 56 in Figure 9). The ma- 
terials suggested for this magnetic member include "Armco iron, nickel alloy, and 
magnetic steel." AH of these materials conduct electricity. As such, it is believed 
that eddy currents develop in this magnetic member, thereby lowering the effi- 
ciency of the system. 

U.S. Patent No. 3,090,031 to Lord proposed an improvement to the Hare 
Patent to help reduce the power required in the transformer system. Lord's pat- 
ent describes a circuit similar to Hare's but with the addition of a transistor and 
the use of mercury-type penlight batteries as a power source at each joint. As 
an alternative power source, he proposed the use of chemical additives to the 
drilling fluid that could provide power to the transformers by electrolytic action. 
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U.S. 4,788,544 to Howard describes a system that utilized a Hall Effect 
sensor as a means to bridge the drill pipe joint. In this system, an electromag- 
netic field generating coil having a ferrite core is employed to transmit data sig- 
nals across the joint. The magnetic field is sensed in the adjacent pipe through a 
"Hall effect sensor" (no relation to the present inventors). The Hall effect sensor 
produces an electrical signal corresponding to the magnetic field strength and 
sends the signal along a conductor wire to the coil at the next joint. 

Although U.S. Patent Nos. 4,806,928 and 4,901,069 to Veneruso do not 
describe a system that is incorporated into individual sections of drill pipe; these 
patents do show a system for electromagnetic coupling a cable passing through 
the well bore to a downhole tool. The system described includes inner and outer 
induction coils which are cooperatively arranged and adapted so that one of coils 
can be dependency suspended from a well bore cable and lowered into coaxial 
alignment with the other coil that is positioned within the well bore and electrically 
connected to a down hole apparatus. 

Another example of a downhole data transmission system that uses the 
principles of induction is described in U.S. Patent No. 4,605,268 to Meador. This 
patent shows a current-coupled system that uses two toroidal coils at each joint. 
Each coil is confined within an electrically conducting housing. A first electrically 
conducting housing surrounding the first coil, located in the end of one drill string 
component, is electrically connected to a second electrically conducting housing 
for the second coil, located in the end of the adjacent drill string component. In 
this way, as an electrical current is induced by the first coil in the first electrically 
conducting housing, that electrical current is conducted to the second electrically 
conducting housing, whereupon, a magnetic field is induced in the second coil. 
Thus, although the principles of induction are used, the system in the 268 patent 
relies on an electrical connection between adjacent components of the drill 
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string. As such, it is subject to the problems described above in connection with 
the third category of systems. 

SUMMARY OF THE INVENTION 

Briefly stated, the invention is a system for transmitting data through a 
string of downhole components. 

In accordance with one aspect of the invention, the system includes a plu- 
rality of downhole components, such as sections of pipe in a drill string. Each 
downhole component includes a pin end and a box end. The pin end of one 
downhole component is adapted to be connected to the box end of an other 
downhole component 

Each pin end includes external threads and an internal pin face distal to 
the external threads. The internal pin face is generally transverse to the longitu- 
dinal axis of the downhole component. 

Each box end includes an internal shoulder face with internal threads dis- 
tal to the internal shoulder face. The internal shoulder face is generally trans- 
verse to the longitudinal axis of the downhole component. 

The internal pin face and the internal shoulder face are aligned with and 
proximate each other when the pin end of the one component is threaded into a 
box end of the other component. 

The system also includes a first communication element located within a 
first recess formed in each internal pin face and a second communication ele- 
ment located within a second recess formed in each internal shoulder face. Pref- 
erably, the first and second communication elements are inductive coils. Most 
preferably, the inductive coils each lie within a magnetically conductive, 
electrically insulating element, which take the form of a U-shaped trough. 
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The system also includes a conductor in communication with and running 
between each first and second communication element in each component 

In accordance with another aspect of the invention, the downhole compo- 
nents include a first and a second magnetically conductive, electrically insulating 
element (MCEI element) located proximate the first and second end of each 
downhole component. The MCEI elements include a U-shaped troughs with a 
bottom, first and second sides and an opening between the two sides. Prefera- 
bly, the magnetically conductive material being formed in segments with each 
segment interspersed with magnetically nonconductive material. 

The first and second troughs are configured so that the respective first 
and second sides and openings of the first and second troughs of connected 
components are substantially proximate to and substantially aligned with each 
other. 

An electrically conducting coil in located in each trough with an electrical 
conductor in electrical communication with and running between the two coils in 
each component. 

In operation, a varying current applied to a first coil in one component 
generates a varying magnetic field in the first magnetically conductive, electri- 
cally insulating element, which varying magnetic field is conducted to and 
thereby produces a varying magnetic field in the second magnetically conduc- 
tive, electrically insulating element of a connected component, which magnetic 
field thereby generates a varying electrical current in the second coil in the con- 
nected component, to thereby transmit a data signal. 

In accordance with another aspect of the invention, the system includes 
a plurality of downhole components, each with a first end and a second end, the 
first end of one downhole component being adapted to be connected to the sec- 
ond end of another downhole component. A first electrically conducting coil hav- 
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ing no more than five turns, and preferably no more than two, most preferably no 
more than one, is placed at each first end, while a second electrically conducting 
coil having no more than five turns, and preferably no more than two, most pref- 
erably no more than one, is placed at each second end. The first and second 
coils of connected components are configured so as to be substantially proxi- 
mate to and substantially aligned with each other. An electrical conductor is pro- 
vided which is in electrical communication with and runs between each first and 
second coil in each component. In operation, a varying current applied to a first 
coil in one component generates a varying magnetic field, which magnetic field 
induces a varying electrical current in the second coil in the connected compo- 
nent, to thereby transmit a data signal. 

In accordance with another aspect, the invention is a downhole tool ; 
adapted to transmit data over the systems described above. 

The aspect of the invention using inductive coils as communication ele- 
ments provides the advantage that, as the data transmission line uses alternat- 
ing conductive and inductive elements, the inductive elements at the end of each 
segment enable the transmission line to be lengthened or shortened during drill- 
ing operations without need for an electrically conductive path across the joint. 
Indeed, the only closed electrical path is within each individual element, which 
constitutes a single closed path for electrical current. 

It should be noted that, as used herein, the term "downhole" is intended to 
have a relatively broad meaning, including such environments as drilling in oil 
and gas, gas and geothermal exploration, the systems of casings and other 
equipment used in oil, gas and geothermal production. 

It should also be noted that the term "transmission" as used in connection 
with the phrase data transmission or the like, is intended to have a relatively 
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broad meaning, referring to the passage of signals in at least one direction from 
one point to another. 

It should further be noted that the term "magnetically conductive" refers to 
a material having a magnetic permeability greater than that of air. 

It should further be noted that the term "electrically insulating" means hav- 
ing a high electrical resistivity, preferably greater than that of steel. 

The present invention, together with attendant objects and advantages, 
will be best understood with reference to the detailed description below in con- 
nection with the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a perspective view of a section of drill pipe including the data 
transmission system of the preferred embodiment. 

Figure 2 is a perspective view of the pin end of the section of drill pipe of 
Figure 1. 

Figure 3 is a cross-sectional view along line 3-3 of Figure 2. Figure 4 is an 
enlarged perspective view of the box end of the section of drill pipe of Figure 1. 

Figure 5 is a cross-sectional view along line 5-5 of Figure 4. 

Figure 5a is an enlarged partial view taken from Figure 5. 

Figure 6 is a cross-sectional view showing the pin end of Figures 2 and 3 
connected to box end of Figures 4 and 5. 

Figure 7 is a cross-sectional view showing the connection of an alternate 
design of a pin end and a box end. 

Figure 8 is a cross-sectional view similar to Figure 6 showing an alterna- 
tive placement of the recess and MCEI elements. 

Figure 8A is an enlarged partial view taken from Figure 8. 
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Figure 9 is an enlarged cross-sectional view from Figure 3 showing the 
placement of the magnetically conductive, electrically insulating (MCEI) element 
in the recess in the pin end of Figure 2. 

Figure 10 is an exploded perspective view of a MCEI element and a coil. 

Figure 1 1 is a perspective view showing the coil placed in the MCEI ele- 
ment of Figure 10. 

Figure 12 is a cross-sectional view along line 12-12 of Figure 11. 

Figure 13 is a perspective view of a more preferred embodiment of the 
MCEI element. 

Figure 13A is an enlarged view of a portion of the MCEI element of Figure 

13. 

Figure 14 is a cross-sectional view along line 14-14 of Figure 13. 

Figure 15 is a cross-sectional view along line 15-15 of Figure 1. 

Figure 16 is a schematic diagram of the electrical and magnetic compo- 
nents of the data transmission system of the present invention. 

Figure 17 is an enlarged cross-section of a connection between MCEI 
elements of a connected pin and box end. 

Figure 18 is a cross-sectional view showing a drill bit and a sub containing 
a sensor module. 

Figure 18A is an enlarged cross-sectional view from Figure 18. 

Figure 1 9 is a circuit diagram of the of the sensor module shown in Figure 

18. 

Figures 20 and 20a are cross-sectional views of an alternative embodi- 
ment that does not use MCEI elements. 

Figure 21 is a schematic representation of the downhole transmission sys- 
tem in use on a drilling rig. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to the drawings, Figure 1 is a perspective view of a section of 
drill pipe 11 including the data transmission system of the present invention. The 
most preferred application of the data transmission system is in sections of drill 
pipe, which make up a drill string used in oil and gas or geothermal exploration. 
Alternatively, other'downhole components within which the data transmission 
system can be incorporated include such downhole tools such as drill bits, data 
sensors, crossover subs, and motors. 

Figure 21 schematically illustrates a drilling operation making use of 
downhole components having the data transmission system of the present inven- 
tion. The operation includes a rig 21 1. A data transceiver 217 is fitted on top of 
the kelly 219, which is, in turn, connected to a string of drill pipe 215. Also within 
the drill string are tools such as jars and stabilizers. Drill collars and heavyweight 
drill pipe 21 1 are located near the bottom of the drill string. A sensor module 223 
is included just above the bit 213. As will be discussed in more detail below, 
each of these components forms part of the drilling network. 

The data transmission system of the present invention may also be used 
with the casings, sensors, valves, and other tools used in oil and gas, or geo- 
thermal production. 

The depicted section 11 includes a pin end 13, having external tapered 
threads 15 (see Figure 2), and a box end 17, having internal tapered threads 18 
(See Figure 4). Between the pin end 13 and box end 17 is the body 19 of the 
section. Atypical length of the body 19 is 30 and 90 feet. Drill strings in oil and 
gas production can extend as long as 20,000 feet, which means that as many as 
700 sections of drill pipe and downhole tools can be used in the drill string. 

There are several designs for the pin and box end of drill pipe. At present, 
the most preferred design to use with the present invention is that which is de- 
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scribed it{y^^ ^nt No 5^908^212 to Gra nt^^ of Woodlands, 
Texas, the entire disclosure of which is incorporated herein by reference. As 
shown in Figures 2 and 3, the pin end 13 includes an external, primary shoulder 
21, and an internal, secondary shoulder or face 23. As shown in Figure 4 and 5, 
the box end 15 includes an external, primary shoulder 31 and an internal, sec- 
ondary shoulder or face 33. As shown in Figure 6, when two sections of drill 
pipe are connected, the pin end 13 is threaded into the box end 15 with sufficient 
force so that the primary external shoulder 21 on the pin end engages the pri- 
mary shoulder face 31 on the box end. As a result of this connection being in- 
dexed by the secondary shoulder 21 and the secondary shoulder face 31 , the 
face 23 on the pin end is reliably brought into close proximity or contact with the 
shoulder 33 on the box end. The advantages this provides to the present inven- 
tion will be discussed below. 

An alternate design for the pin and box end is disclosed in U.S. Patent 
No. 5,454,605, assigned to Hydrill Company, Houston, Texas. As seen in Figure 
7, the pin end 201 is cooperatively engaged with the box end 203 forming a junc- 
tion of the pipe ends. Thread form 205 is unique in that it is wedged shaped and 
totally engaged in order to distribute all the bearing stresses resisting torsional 
makeup. When the joint is fully engaged, a gap 207 occurs between the primary 
shoulders. No sealing or load bearing is provided by the shoulders adjacent the 
threads of the pin and box ends. An insert 209 is provided in the box end to 
house the MCEI elements 215 of the present invention. Mating elements 213 
are provided in recesses in the pin end. An electrical conductor 211 is provided 
for transmitting the carrier signal along the length of the drill pipe to the opposite 
end not shown. An insert, not shown, also may be provided in the pin end in or- 
der to accommodate further modification is design. 
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As shown in Figures 2, 3, and 9, the pin end 13 preferably includes a re- 
cess 25 in the secondary or internal shoulder or face 23. Preferably, the recess 
is located so as to lie equidistant between the inner and outer diameter of the 
secondary shoulder or face 23. Alternatively, the recess is formed at either the 
inner or the outer diameter of the face, thereby creating a recess that is open on 
two sides. 

Preferably, the recess is machined into the face by conventional tools ei- 
ther before or after the tool joint is attached to the pipe. The dimensions of the 
recess can be varied depending on various factors. For one thing, it is desirable 
to form the recess in a location and with a size that will not interfere with the me- 
chanical strength of the pin end. Further, in this orientation, the recesses are lo- 
cated so as to be substantially aligned as the joint is made up. Other factors will 
be discussed below. 

As can be seen in these figures, the recess is preferably configured so as 
to open axially, that is, in a direction parallel to the length of the drill string. In an 
alternative embodiment shown in Figures 8 and 8A, the recesses 85 and 87 are 
located on the outside diameter of the pin end 81 and on the inside diameter of 
the box end 83. In this way, the recesses are configured so as to open radially, 
that is, in a direction perpendicular to the length of the drill string. As depicted in 
Figure 8A, the MCEI elements 89 and 91 may be slightly offset in order to ac- 
commodate manufacturing tolerances. This offset configuration does not mate- 
rially affect the performance of the inductive elements of the present invention 
whether in an axial or radial configuration. 

Referring to Figures 3, 3A, 5 and 5A, lying within the recesses 25 and 45 
formed in the internal pin face and internal shoulder face 45 respectively is a 
communication element As will be discussed below, the preferred communica- 
tion element is an inductive coil. However, other communication elements, such 
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as acoustic transceivers, optic fiber couplers and electrical contacts are also 
benefited by being placed in a recess formed in the internal pin face and internal 
shoulder face. In particular, placing the communication elements in recesses 
within internal faces provides for better protection from the harsh drilling envi- 
ronment. Also, when using a pipe joint such as that shown in Figure 6 that also 
includes external abutting faces 21 and 31 , the internal faces 23 and 33 are 
brought together in a more reliable manner. That is, with the primary load taken 
by the external faces 21 and 31 , the internal faces 23 and 33 are brought to- 
gether with a more consistent force. Preferably, the internal faces are less than 
about 0.03 d apart when the adjacent components are fully threaded together. 
More preferably, the internal faces are touching. Most preferably, the internal 
faces are in a state of compression. 

Returning to a discussion of the preferred embodiment with inductive coils 
as the communication elements, it is noted that a typical drill pipe alloy, 4140 al- 
loy steel, having a Rockwell C hardness of 30 to 35, has a magnetic permeability 
of about 42. The magnetic permeability of a material is defined as the ratio of 
the magnetic flux density B established within a material divided by the magnetic 
field strength H of the magnetizing field. It is usually expressed as a dimen- 
sionless quantity relative to that of air (or a vacuum). It is preferable to close the 
magnetic path that couples the adjacent coils with a material having a magnetic 
permeability higher than the steel. However, if the magnetic material is itself 
electrically conducting, then they provide an alternate electrical path to that of- 
fered by the adjacent loops. The currents thus generated are referred to as eddy 
currents; these are believed to be the primary source of the losses experienced 
in prior-art transformer schemes. Since the magnetic field is in a direction curling 
around the conductors, there is no need for magnetic continuity in the direction 
of the loop. 
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In the preferred embodiment illustrated in Figures 3 and 9, there is located 
within the recess 25 a magnetically conducting, electrically insulating (MCEI) 
element 27. As can best be seen in the cross section in Figure 9, the MCEI ele- 
ment 27 includes a U-shaped trough 29 with a bottom 55, a first side 57 and a 
second side 59, thus forming an opening between the two sides. The dimen- 
sions of the MCEI element 27 trough 29 can be varied based on the following 
factors. First, the MCEI must be sized to fit within the recess 25. In addition, as 
will be discussed in detail below, the height and width of the trough should be 
selected to optimize the magnetically conducting properties of the MCEL 

One property of the MCEI element is that it is magnetically conducting. 
One measure of this property is referred to as the magnetic permeability dis- 
cussed above. In general, the magnetically conducting component should have 
a magnetic permeability greater than air. Materials having too high of a magnetic 
permeability tend to have hysteresis losses associated with reversal of the mag- 
netic domains themselves. Accordingly, a material is desired having a perme- 
ability sufficiently high to keep the field out of the steel and yet sufficiently low to 
minimize losses due to magnetic hysteresis. Preferably, the magnetic 
permeability of the MCEI element should be greater than that of steel, which is 
typically about 40 times that of air, more preferably greater than about 100 times 
that of air. Preferably, the magnetic permeability is less than about 2,000. More 
preferably, the MCEI element has a magnetic permeability les than about 800. 
Most preferably, the MCEI element has a magnetic permeability of about 125. 

In order to avoid or reduce the eddy currents discussed above, the MCEI 
is preferably electrically insulating as well as magnetically conductive. Prefera- 
bly, the MCEI element has an electrical resistivity greater than that of steel, 
which is typically about 12 micro-ohm cm. Most preferably, the MCEI has an 
electrical resistivity greater than about one million ohm-cm. 
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The MCEI element 27 is preferably made from a single material, which in 
and of itself has the properties of being magnetically conductive and electrically 
insulating. A particularly preferred material is ferrite. Ferrite is described in the 
on-line edition of the Encyclopedia Britannica as "a ceramic-like material with 
magnetic properties that are useful in many types of electronic devices. Ferrites 
are hard, brittle, iron-containing, and generally gray or black and are polycrystal- 
line-i.e., made up of a large number of small crystals. They ar^ composed of 
iron oxide and one or more other metals in chemical combination." The article 
on ferrite goes on to say that a "ferrite is formed by the reaction of ferric oxide 
(iron oxide or rust) with any of a number of other metals, including magnesium, 
aluminum, barium, manganese, copper, nickel, cobalt, or even iron itself." Fi- 
nally, the article states that the "most important properties of ferrites include high 
magnetic permeability and high electrical resistance." Consequently, some form 
of ferrite is ideal for the MCEI element in the present invention. Most preferably, 
the ferrite is one commercially available from Fair-Rite Products Corp., Wallkill, 
New York, grade 61 , having a magnetic permeability of about 125. There are a 
number of other manufacturers that provide commercial products having a corre- 
sponding grade and permeability albeit under different designations. 

As an alternative to using a single material that is both magnetically con- 
ductive and electrically insulating, the MCEI element can be made from a combi- 
nation of materials selected and configured to give these properties to the ele- 
ment as a whole. For example, the element can be made from a matrix of parti- 
cles of one material that is magnetically conductive and particles of another ma- 
terial that is electrically insulating, wherein the matrix is designed so as to pre- 
vent the conduction of electrical currents, while promoting the conduction of a 
magnetic current One such material, composed of ferromagnetic metal particles 
molded in a polymer matrix, is known in the art as "powdered iron." Also, instead 



WO 02/06716 



PCT/US01/22542 



16 

of a matrix, the MCEI element may be formed from laminations of a materials 
such as a silicon transformer steel separated by an electrically insulating mate- 
rial, such as a ceramic, mineral (mica), or a polymer. Because the induced elec- 
tric field is always perpendicular to the magnetic field, the chief requirement for 
the MCEI element is that the magnetic field be accommodated in a direction that 
wraps around the coil, whereas electrical conduction should be blocked in the 
circumferential direction, perpendicular to the magnetic field and parallel to the 
coil. 

In accordance with one embodiment of the present invention, the MCEI is 
formed from a single piece of ferrite of other piece of MCEI material. This can be 
accomplished by molding, sintering, or machining the ferrite to the desired shape 
and size. Figures 10 and 1 1 show such an embodiment. As can be seen, it is 
preferable to leave a small gap 101 in the MCEI element 27 to accommodate in- 
sertion of the input leads to the coil 63. 

In a more preferred embodiment shown in Figure 13, the MCEI element 
131 is formed from several segments of ferrite 133 which are held together in the 
appropriate configuration by means of a resilient material, such as an epoxy, a 
natural rubber, a fiberglass or carbon fiber composite, or a polyurethane. Pref- 
erably, the resilient material both forms a base 135 for the element and also fills 
the gaps 137 between the segments of MCEI material. In this way, the overall 
strength and toughness of the MCEI element 131 is improved. A preferred 
method of forming a segmented MCEI element 131 begins with providing a mold 
having a generally u-shaped trough conforming to the final dimensions of the 
MCEI element. A two-part, heat-curable epoxy formulation is mixed in a centri- 
fuge cup, to which the individual ferrite segments and a length of fiberglass rope 
are added. The parts are centrifuged for up to 30 minutes to cause all bubbles 
induced by mixing to rise out of the viscous liquid, and to cause the liquid to 
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penetrate and seal any porosity in the ferrite. The fiberglass rope is then laid in 
the bottom of the mold, which is either made from a material which does not 
bond to epoxy, such as polymerized tetrafluroethane or which is coated with a 
mold release agent The individual u-shaped ferrite segments are then placed 
on top of the fiberglass rope, to fill the circle, except for the gap or hole 101 of 
figures 1 0 and 1 3. Any excess epoxy is wiped out of the u-shaped groove. The 
upper surfaces of the parts can be precisely aligned with each other by holding 
them in position with magnets placed around the u-shaped trough in the mold. 
After the epoxy is cured, either at room temperature or in an oven, the tough 
flexible ferrite assembly is removed from the mold. 

As seen in Figures 3 and 9, the MCEI element is preferably fit within the 
recess 25. Most preferably, a resilient material 61, such as a polyurethane, is 
disposed between the MCEI element 27 and the steel surface of the recess 25. 
This resilient material 61 is used to hold the MCEI element 27 in place. In addi- 
tion, the resilient material 61 forms a transition layer between the MCEI element 
and the steel which protects the element from some of the forces seen by the 
steel during joint makeup and drilling. Preferably, the resilient material is a flexi- 
ble polymer, most preferably a two-part, heat-curable, aircraft grade urethane, 
such as grade 1547, manufactured by PRC Desoto International, Glendale, Cali- 
fornia. It is important that the resilient material 61 will withstand the elevated 
pressures and temperatures in downhole conditions. Consequently, it is pre- 
ferred to treat the material to make sure that it does not contain any voids or air 
pockets. Preferably the resilient material is centrifuged to remove all bubbles 
that might be introduced during mixing. One such treatment method involves 
subjecting the material in a centrifuge. A most preferred form of this method 
subjects the material to a centrifuge at between 2500 to 5000 rpm for about .5 to 
3 minutes. 
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Lying within the trough of the MCEI element 27 is an electrically conduc- 
tive coil 63. This coil is preferably made from at least one loop of an insulated 
wire, most preferably only a single loop. The wire is preferably made of copper 
and insulated with varnish, enamel, or a polymer. Most preferably, the wire is 
insulated with a tough, flexible polymer such as high density polyethylene or po- 
lymerized tetrafluoroethane (PTFE). The diameter of the wire, with insulation, is 
preferably selected so as to be slightly less than the width of the U-shaped 
trough in the MCEI element. As will be discussed below, the specific properties 
of the wire and the number of loops is important in providing a proper impedance 
for the coil 63. 

For a given application, the transformer diameter is fixed by the diameter 
of the pipe. The impedance of the transformer, and its desired operating fre- 
quency, can be adjusted by two factors: the number of turns in the conductor 
and the ratio of length to area of the magnetic path, which curls around the con- 
ductors. Increasing the number of turns decreases the operating frequency and 
increases the impedance. Lengthening the magnetic path, or making it nar- 
rower, also decreases the operating frequency and increases the impedance. 
This is accomplished by increasing the depth of the U-shaped trough or by de- 
creasing the thickness of the side-walls. Adjusting the number of turns gives a 
large increment, while adjusting the dimensions of the trough enables small in- 
crements. Accordingly, the invention allows the impedance of the transformer 
portion of the transmission line to be precisely matched to that of the conductor 
portion, which is typically in the range of 30 to 120 ohms. Although an insulated 
copper wire is preferred, other electrically conductive materials, such as silver or 
coppercoated steel, can be used to form the coil 63. 

As can be seen in Figure 12, the coil 63 is preferably embedded within a 
material 65, which material fills the space within the trough of the MCEI element 
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27. Naturally, this material 65 should be electrically insulating. It is also prefer- 
able that this material 65 is resilient so as to add further toughness to the MCEI 
element. The preferred material to use for this purpose is a two-part epoxy for- 
mulation, preferably one filled with a powdered material such as fumed silica or 
fine aluminum oxide to provide abrasion resistance. The applicants have used 
standard commercial grade epoxy combined with a ceramic filler material, such 
as aluminum oxide, in proportions of about 50/50 percent. Other proportions 
may be desirable, but the filler material should not be less than 3 percent nor 
greater than 90 percent in order to achieve suitable abrasion resistance as well 
as adequate adhesiveness. Alternatively, other materials, such as room- 
temperature curable urethanes, are used. As with the resilient material 63, it is 
important that the material 65 be able to withstand the extreme conditions found 
downhole. Consequently, it is important to treat the material in such a way as to 
ensure the absence of voids or air pockets. The centrifugal treatment for mate- 
rial 63 can be used for material 65 as well. 

As can be seen in Figures 4, 5 and 6, the box end 15 also includes a re- 
cess 45 similar to the recess 25 in the pin end, except that the recess 45 is 
formed in the internal, secondary shoulder 33 of the box end. A MCEI element 
47, similar in all respects to the MCEI element 27, is located within the recess 
45. A coil 49, similar in all respects to the coil 63, is located within the trough of 
the MCEI element 47 and embedded within material 48. 

As can be seen in Figure 6, when the pin and box end are joined, the 
MCEI element 27 of the pin end and the MCEI element 47 of the box end are 
brought to at least close proximity. Preferably, the elements 27 and 47 are within 
about 0.5 mm of each other, more preferably within about 0.25 mm of each 
other. Most preferably, the elements 27 and 47 are in contact with each other. 



WO 02/06716 



PCT/US01/22542 



20 

Because the faces 23 and 33 of the pin and box end may need to be ma- 
chined in the field after extended use, it may preferred to design the troughs in 
the pin and box end with a shape and size so as to allow the first and second 
conductive coils to lie in the bottom of the respective troughs and still be sepa- 
rated a distance from the top of the respective first and second sides. As a re- 
sult, the faces 23 and 33 can be machined without damaging the coils lying at 
the bottom of the troughs. In this embodiment, this distance is preferably at least 
about 0.01 inches, more preferably, this distance is at least about 0.06 inches. 

An electrical conductor 67 is attached to the coil 63, in Figures 3, 9, 5, 5A, 
6, 7, and 8. At present, the preferred electrical conductor is a coaxial cable, pref- 
erably with a characteristic impedance in the range of about 30 to about 120 
ohms, most preferably with a characteristic impedance in the range of 50 to 75 
ohms Because the attenuation of coaxial cable decreases with increasing di- 
ameter, the largest diameter compatible with installation in pipe chosen for a par- 
ticular application should be used. Most preferably the cable has a diameter of 
about 0.25" or larger. Preferably the shield should provide close to 100% cov- 
erage, and the core insulation should be made of a fully-dense polymer having 
low dielectric loss, most preferably from the family of polytetrafluoroethylene 
(PTFE) resins, Duponfs Teflon® being one example. The insulating material 
surrounding the shield should have high temperature resistance, high resistance 
to brine and chemicals used in drilling muds. PTFE is preferred, or most pref- 
erably a linear aromatic, semi-crystalline, polyetheretherketone thermoplastic 
polymer manufactured by Victrex PLC under the trademark PEEK®. A typical 
supplier for such material is Zeus Products, Orangeburg, South Carolina. 

Alternatively, the conductor can be a twisted pair of wires, although 
twisted pair generally suffers from higher attenuation than coaxial cable. Twisted 
pair generally has a characteristic impedance of about 120 ohms, which would 
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provide a desired matching impedance to certain coil configurations. In addition, 
for certain configurations of drill pipe, there may be limited room at either end of 
the pipe for a large-diameter coaxial cable. In this case, a short length of twisted 
pair might provide a small-diameter transition between the coils at the ends of 
the pipe and a larger-diameter coaxial cable that runs most of the length of the 
pipe. For lengths of a few feet, the higher attenuation of twisted pair, and its 
mismatch of impedance to the coaxial cable are of little consequence. However, 
if desired, the impedance of the twisted pair can be matched to that of the coax- , 
ial cable with a small transmission line transformer (balun). 

Although the pipe itself could be used as one leg of the current loop, 
coaxial cable is preferred, and most preferably the conductor loop is completely 
sealed and insulated from the pipe. 

It is preferable to select the electrical properties of the conductor so as to 
match the impedance of the coils to which it is attached. Preferably, the ratio of 
the impedance of the electrical conductor to the impedance of the first and sec- 
ond electrically conductive coils is between about 1:2 and 2:1. Most preferably, it 
is close to 1:1. 

The preferred data transmission system provides a relatively broad band- 
width. While not wishing to be bound by any particular theory, it is currently be- 
lieved that this is accomplished by the low number of turns of the conductor and 
the low reluctance of the magnetic path, thus producing a surprisingly low mutual 
inductance for such a large diameter coil. For a two-turn coil with a 4.75-inch di- 
ameter, the mutual inductance of the assembled toroid is about 1 micro Henry. 
With a 50 ohm resistive load, peak signal transmission is at about 4 MHz, and at 
power transmission extends from about 1 MHz to about 12 MHz. The inductive 
reactance is about 65 ohms, and the attenuation is only about .35 dB per joint, 
equivalent to power transmission of about 92 percent. As adjacent segments 



WO 02/06716 



PCT/US01/22542 



22 

are assembled, a serial filter is created, which has the effect of reducing the 
bandwidth. If each individual transformer had a narrow bandwidth, the band- 
pass of the filter would change as additional segments are added, which would 
require that each individual element be separately tuned according to its position 
in the system. Nevertheless, a surprising feature of the invention is that identical 
segments can be assembled in any arbitrary number of joints while still enabling 
efficient signal coupling. The 30-joint test described below gave a total attenua- 
tion of 37.5 dB (.018% power transmission), of which 70% was in the coaxial ca- 
ble itself, which was chosen to have a shield diameter of .047 inches. Maximum 
power transmission was at 4.2 MHz and the bandwidth, at half power, of 2 MHz. 
Thus a six volt, 90 milliwatt signal resulted in a detected signal, after 30 joints, of 
80 mV. 

Although possible problems relating to attenuation make it is preferable to 
use an MCEI element in the system of the present invention, the inventors have 
found that using a coil having five turns or less can still produce a system with 
sufficient bandwidth to be useful. More preferably, such a system has 2 turns, 
and most preferably only a single turn 231 . This alternative embodiment is 
shown in Figures 20 and 20A. As can be seen, a single turn of a conductor 231 
is placed within a recess 237 in the internal face 235 of the pin end. The coil 231 
is connected to a conductor 233, which is in turn connected to a coil (not shown) 
in the box end of the downhole component. 

It is preferred in the alternative embodiment in Figures 20 and 20A, to in- 
sure that the frequency is sufficiently high, i.e. above about 5 MHz and suffi- 
ciently wide bandwidth (about 2 MHz). This system is useable with about 10 
downhole components in series. 

Turning again to the preferred embodiment, and as shown in Figures 3, 5, 
5A, 6, 7, and 9, it is preferred that the wire of the coil 63 extends through the 
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MCEI element 27 to meet the electrical conductor 67 at a point behind the MCEI 
element Also, referring to Figure 9, the electrical conductor 67 and the wire of 
the coil 63 preferably meet in a passage 69 formed in the pin end. Likewise, re- 
ferring to Figure 5A, the electrical conductor 67 and the wire of the coil 49 meet 
in a passage 70 formed in the box end. The passages 69 and 70 are holes, 
preferably drilled from one point in the bottom of the recess 25 and 45, respec- 
tively, through the enlarged wall of the pin end and box end, respectively, so that 
the holes open into the central bore of the pipe section 1 1 . The diameter of the 
hole will be determined by the thickness available in the particular joint. For rea- 
sons of structural integrity it is preferably less than about one half of the wall 
thickness. Preferably, these holes have a diameter of about between 3 and 7 
mm. 

These two holes can be drilled by conventional means. Preferably, they 
are drilled by a technique known as gun drilling. Preferably, the recesses can be 
machined and the holes can be drilled in the field, so as to allow for retrofitting of 
existing drill pipe sections with the data transmission system of the present in- 
vention in the field. 

As can be seen in Figures 3 and 5, the electrical conductor 67 is protected 
within the holes 69 and 70 respectively. Nevertheless, after the conductor 67 is 
placed within these holes, it is preferable to add a sealing material such as ure- 
thane. As with all other materials used in the system of the present invention, it 
is important to select materials an<d prepare them so as to be able to withstand 
the extreme conditions of the downhole environment. 

After exiting the holes 69 and 70, the electrical conductor passes through 
the interior of the body of the pipe section. Accordingly, it is important to provide 
the electrical conductor with insulation that can withstand the harsh conditions as 
well. At present, the preferred material with which to insulate the conductor 67 is 
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PEEK®. As shown in Figure 15, this material is preferably purchased in a hollow 
tube 1 61 with an inside diameter of slightly larger than the outside diameter of 
the electrical conductor 67 and an outside diameter large enough to accommo- 
date insertion of the tube into holes 69 and 70. These dimensions will vary de- 
pending upon the size of the pipe and the cable being protected. 

In addition to the protection provided by an insulator like the tube of 
PEEK® described above, it is also preferable to apply a coating to add further 
protection for the electrical conductor 67. Referring to Figure 15, the coating 163 
is applied to the interior 165 of the drill pipe section 1 1 with the conductor 67 ly- 
ing on the bottom. As a result, the coating 163 flows under the influence of grav- 
ity to coat the tube 161 . The coating should have good adhesion to both the 
steel of the pipe and the insulating material surrounding the conductor. Prefera- 
bly, the coating is a polymeric material selected from the group consisting of 
natural or synthetic rubbers, epoxies, or urethanes. Preferably it should be in a 
castable form, so that it can settle by gravity around the cable. The coating can 
be any suitable material such as the polyurethane previously described. The 
amount of coating to apply can be varied, but preferably it should be applied in a 
thickness at least equal to that of the insulating material surrounding the shield of 
the coax. Most preferably, the material is poured so as to flow by gravity to 
cover the conductor cable. Preferably, between about one to 5 liters are used 
for each 30 foot pipe section. The urethane may be either air dried or heat cured 
by installing a heating element along the inside bore of the pipe. Curing times 
and temperatures will vary depending on manufacturing expediencies. 

At present, the preferred method of attaching the conductor 67 to the coils 
63 and 49 is soldering to form a continuous loop wire harness prior to installation 
into the pipe. One or more coils may then be formed at the ends of the loop 
without breaking into the wire harness. Although a lead/tin solder might be used, 
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a silver solder is preferred, because of its higher melt temperature, greater me- 
chanical strength, and greater resistance to chemical corrosion. The inner core 
of the coaxial cable is soldered to one end of the coil, and the outer shield to the 
other. Any exposed conducting surfaces should be potted with an insulating ma- 
terial, such as silicone rubber, epoxy, or urethane, so that the entire wire harness 
is insulated electrically from the environment prior to placing it in the pipe. 

Figure 16 is a schematic diagram to illustrate the operation of the data 
transmission system of the present invention. A drilling tool 150 has housed 
within it a data source. The data source is designed to encode information on a 
high frequency alternating carrier signal on the electrical conductor 151 . The 
conductor 151 is connected to the coils (not shown) within the MCEI element 157 
at one end of the tool 150. The alternating current within the coil induces an al- 
ternating magnetic field within the MCEI element 157. That magnetic field is 
conducted across the joint and into the MCEI element 47 in the box end of a sec- 
tion of drill pipe 1 1 . Referring to the joint in Figure 17, the two generally U- 
shaped elements 47 and 49 form a closed path for the magnetic flux, which 
circulates as shown by the arrows. The arrows reverse direction every time the 
current in the coils reverse direction. The magnetic field in the MCEI element 47 
induces an electric current in the coil 49. The electric current induced in the coil 
49 travels along the conductor 67 to the coil located in the MCEI element 27 at 
the pin end of the drill pipe 1 1 , and so on. 

Figure 18 shows a drill bit 181 connected to a data and crossover sub 
183. The sub 183 is typically connected to the pin end of a section of drill pipe or 
some other downhole component. The sub 183 includes within it a data sensor 
module 185. In the depicted embodiment, the data sensor module 185 includes 
an accelerometer 195. The accelerometer is useful in gathering real time data 
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from the bottom of the hole. For example, the accelerometer can give a quanti- 
tative measure of bit vibration. 

The accelerometer 195 is connected to a circuit board 197, which gener- 
ates a carrier signal and modulates It with the signal from the accelerometer. 
Figure 19a is a circuit diagram of the board 197. 

The circuit board 197 is connected through conductor 199 to a coil in the 
MCEI element 187 at the bit end of the sub. It then communicates through MCEI 
element 189, conductor element 191, and MCEI element 193, to the opposite 
end of the sub, which is adapted to connect to corresponding elements in the 
drill string. As such, the sub 183 is adapted to communicate with the pin end of 
a section of drill pipe or some other downhole component. 

Many other types of data sources are important to management of a drill- 
ing operation. These include parameters such as hole temperature and pres- 
sure, salinity and pH of the drilling mud, magnetic declination and horizontal dec- 
lination of the bottom-hole assembly, seismic look-ahead information about the 
surrounding formation, electrical resistivity of the formation, pore pressure of the 
formation, gamma ray characterization of the formation, and so forth. The high 
data rate provided by the present invention provides the opportunity for better 
use of this type of data and for the development of gathering and use of other 
types of data not presently available. 

Preferably, the system will transmit data at a rate of at least 100 
bits/second, more preferably, at least 20,000 bits/second, and most preferably, 
at least about 1,000,000 bits/second. 

An advantage of the present invention is that it requires relatively low 
power and has a relatively high preservation of signal. Thus, the system pref- 
erably transmits data through at least 10 components powered only by the vary- 
ing current supplied to one of the first conductive coils in one of the components. 
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More preferably, the system transmits data through at least 20 components 
powered only by the varying current supplied to one of the first conductive coils 
in one of the components. 

Preferably, the varying current supplied to the first conductive coil in the 
one component is driving a varying potential having a peak to peak value of be- 
tween about 1 0 mV and about 20 V. Preferably, the current loss between two 
connected components is less than about 5 percent. Put another way, it is pre- 
ferred that the power loss between two connected components is less than 
about 15 percent. 

It is anticipated that the transmission line of the invention will typically 
transmit the information signal a distance of 1 ,000 to 2,000 feet before the signal 
is attenuated to the point where it will require amplification. This distance can be 
increased by sending a stronger signal, with attendant increased power con- 
sumption. However, many wells are drilled to depths of up to 20,000 to 30,000 
feet, which would necessitate use of repeaters to refurbish the signal. Prefera- 
bly, the amplifying units are provided in no more than 10 percent of the compo- 
nents in the string of downhole components, more preferably, no more than 5 
percent. 

Such repeaters can be simple "dumb" repeaters that only increase the 
amplitude of the signal without any other modification. A simple amplifier, how- 
ever, will also amplify any noise in the signal. Although the down-hole environ- 
ment is thought to be relatively free of electrical noise in the RF frequency range 
preferred by the invention, a "smart" repeater that detects any errors in the data 
stream and restores the signal, error free, while eliminating baseline noise, is 
preferred. Any of a number of known digital error correction schemes can be 
employed in a down-hole network incorporating a "smart" repeater. 
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Most preferably, the repeater not only serves to regenerate the data 
stream, but also serves as a data source Itself. Prior to the present invention, 
information was available during drilling only from the bottom hole assembly, as 
mud pulse data rates did not allow any intermediate nodes. With the present in- 
vention, information is available from any node along the drill string, thereby 
enabling distributed access to information from top to bottom. For instance, in- 
stead of relying on a single bottom hole pressure measurement, a pressure pro- 
file can now be generated along the entire drill string. This could be vital in un- 
derbalanced drilling, where to speed up drilling the pressure provided by the mud 
is less than that of the pore pressure in the surrounding formation. Any sudden 
pressure pulse or "kick" could be much more rapidly anticipated. 

In the most preferred embodiment of the invention, any source of informa- 
tion along the drill string, such as the bit sub illustrated in figure 18, or a repeater, 
as described in the previous paragraph, may constitute an addressable node in a 
Drilling Local Area Network (DLAN). Preferably every repeater and every data 
sub manufactured in the world will be identified with a unique address. This ad- 
dress might be characterized by programming a programmable memory chip in 
the tool with a code having a sufficient number of bits to encompass all tools that 
might ever be connected to any DLAN comprising the transmission line of the 
present invention. This will allow tracking of licensed elements and will also al- 
low manufacturers of down-hole tools to track the usage of their tools. To reduce 
network overhead, each tool, once assembled into a drill string, might be identi- 
fied by a temporary address comprising fewer bits; for instance, a two-byte ad- 
dress (16 bits) will cover up to 256 nodes - probably sufficient for any drilling 
task. Aspects of any of the known network protocols, such as "Ethernet" or 
"Wireless Local Area Network" might be applied to such a DLAN. For example, 
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the network might be thought of as a single "party line" shared by all participating 
nodes. 

Although the invention provides a sufficiently broad-band signal to allow 
simultaneous transmission of information in each direction (full duplex), it is an- 
ticipated, because of the attenuation characteristics of the invention, that the 
most efficient communication will be half duplex, with a signal being sent from 
one end of the network to the other in one direction before a signal is sent in the 
opposite direction (half duplex). Alternatively, an asynchronous transmission line 
might be set up, with, for instance, 80% of the bandwidth reserved for upstream 
data and 20% for downstream commands. A control computer at the surface will 
relay a command down-hole requesting that an identified node send a packet of 
information. Each repeater examines the identifying header in the command 
packet. If the header matches its own address, it responds; otherwise, it simply 
relays the packet on down the network in the same direction. In this manner, 
many smart nodes can share a common transmission line. Any known scheme 
for collision detection or avoidance may be used to optimize access to the 
transmission medium. 

Other types of data sources for downhole applications are inclinometers, 
thermocouples, gamma ray detectors, acoustic wave detectors, neutron sensors, 
pressure transducers, potentiometers, and strain gages. 

Referring to Figure 21, at the top of the drill string, a top-hole repeater unit 
217 is used to interface the DLAN with drilling control operations and with the 
rest of the world. Preferably the unit 217 rotates with the kelly 219 or top-hole 
drive and transmits its information to the drill rig by any known means of coupling 
rotary information to a fixed receiver. Preferably two MCEI units of the invention 
can be used in a transition sub, with one in a fixed position and the other rotating 
relative to it. A computer 225 in the rig control center acts as the DLAN server, 
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controlling access to the DLAN transmission medium, sending control and com- 
mand signals down-hole, and receiving and processing information sent up-hole. 
The software running the DLAN server will control access to the DLAN via iden- 
tification of licensed nodes (tools) along the DLAN and will communicate this in- 
formation, in encoded format, via dedicated land lines, satellite link (through an 
uplink such as that shown at 227), Internet, or other known means to a central 
server accessible from anywhere in the world. Use of the information will require 
two keys: one provided by the customer, to maintain his information as proprie- 
tary, and the other by the world network server, to monitor license compliance 
and to toll the active tools based on a given contractual formula. 

One method of controlling network traffic on the DLAN is to use polled de- 
vices; that is, the devices will respond only when addressed by a bus master. If 
any device needs to report something without being polled, it will check the net- 
work for the absence of traffic prior to forwarding its data to the bus master. In 
the event of a data collision, all devices will be silent and the bus master will poll 
each device in turn to determine which device has important information. In a 
smart system, such information may be to report a catastrophic failure or to re- 
port a condition outside normal parameters. 

Communications on the network are made pursuant to a network protocol. 
Examples of some commercial protocols are ATM, TCP/IP, Token Ring, and 
Ethernet. The efficiencies of the present system may require a novel protocol as 
well. A protocol is an established rule on what the data frame is comprised of. 
The data frame usually includes a frame header, a datagram, and a CRC. The 
body of the frame may vary depending on what type of datagram is in use, such 
as an IP datagram. The end of the frame is a CRC code used for error correc- 
tion. The IP datagram consists of a header and IP datagram data. In an open 
system, more than one type of datagram is transported over the same communi- 
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cations channel. The header is further broken down into other information such 
as header information, source IP address and destination IP address, required 
by the protocol so that each node knows the origin and destination of each data 
frame. In this manner the downhole network will allow each node to communi- 
cate with the sensors and the surface equipment in order to optimize drilling pa- 
rameters. 

Although the primary purpose of the invention is for relaying of informa- 
tion, a limited amount of power can be transmitted along the transmission line. 
For instance, it may be desirable to have a second class of nodes distributed at 
intervals between the primary repeaters. The primary repeaters will be powered 
by batteries or by a device, such as a turbine, which extracts energy from the 
mud stream. The secondary nodes may incorporate low power circuits to pro- 
vide local information of secondary importance, using energy from the transmis- 
sion line itself. They would not constitute repeaters, since they would be in . 
parallel with the existing transmission line. These secondary nodes may, for in- 
stance, tap a small amount of energy from the line to keep a capacitor or battery 
charged, so that when they are queried from the top at infrequent intervals they 
can send a brief packet of information at full signal strength. Using this principle, 
it might be possible to house a small low-power secondary node in every section 
of drill pipe, thereby providing a continuously distributed DLAN. 

EXAMPLES 

The following examples are provided by way of illustration and explana- 
tion and as such are not to be viewed as limiting the scope of the present inven- 
tion. 

Example t was earned out according to the most preferred embodiment of 
the present invention. In particular, = 



WO 02/06716 



PCT/US01/22542 



32 



Bench Test . Bench tests simulating connected pipe joints were con- 
ducted. The tests incorporated 30 sets of inductively coupled joints incorporating 
flexible segmented ferrite MCEI units in steel rings with recesses machined 
therein, each set being joined together in series by 34 feet of coaxial cable. The 
coupler consisted of 0.25-inch long by 0. 1 00-inch diameter ferrite cylinders of 
permeability 125, having an inside diameter of about .05 inches, which were 
ground in half parallel to the cylindrical axis after infiltration with epoxy, bonding 
to a nylon chord substrate, and bonding into the groove in the steel. This simu- 
lated joint was used to characterize system transmission. A 2-volt peak-to-peak 
sinusoidal signal from a single 50-ohm, 2.5-mW power source energized the 
coupler of the first joint and produced a 22 mV, signal at last joint, into a 50 ohm 
load. Peak signal transmission was at 4.3 MHz, with a band width, at half 
height, of 2MHz. The average attenuation in each pipe segment \ was 
about1.2dB, corresponding to about 76% power transmission. About 70% of the 
attenuation was in the coaxial cable, which had a relatively small shield diameter 
(.047 inches). The carrier signal was modulated with both analog and digital sig- 
nals, demonstrating that that a recoverable, low power, high frequency, 56 kilo- 
baud signal is achievable across 1000 feet of interconnected drill pipe without 
the aid of an additional power boost or signal restoration. 

Drilling test . XT57 tool joints, one a pin end and the other a box-end, 
were obtained from Grant Prideco, Houston, Texas. The joints had an outside 
diameter of approximately T and an inside diameter of 4.750 inches, and they 
were adapted to receive the coupling transducer by machining an annular 
groove measuring .125" x .200" deep, having a full radius bottom surface of 
.060", approximately in the center of the .500" wide external and internal secon- 
dary shoulders, respectively, of the pin and box ends. A .500" internal shoulder 
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was also machined into the pin-end joint approximately 9 inches from the end 
opposite its secondary shoulder. The machining increased a portion of the inter- 
nal diameter of the pin end to about 5.250". A .375 inches borehole was gun 
drilled through the sidewalls of the two joints, parallel to their longitudinal axis. In 
the pin end, the borehole commenced within the groove and exited the internal 
shoulder. In the box end, the borehole commenced within the groove and exited 
the opposite end of the joint. The two joints were welded together, simulating a 
full-length pipe that normally would be more than 30 feet long. The change in 
the internal diameter of the welded joints allowed for positioning 30 feet of coax- 
ial cable within the joint so that the test would electrically equivalent to a full- 
length section of pipe. 

The coupling transducer, having a nominal diameter of 4.700", comprising 
a grade 61 ferrite, with a permeability of about 125, obtained from Fair-Rite, was 
disposed within the annular grooves. The core of the coupler consisted of a 
segmented annular ferrite ring measuring approximately .100" wide by .050" high 
having a .050-inch diameter groove centrally located on its exposed face. The 
ferrite segments were attached to a substrate consisting of an epoxy impreg- 
nated nylon cord that served as a backing for the ferrite during the manufacturing 
process. A coil having two loops of 22-gauge (.025 -inch diameter), enamel 
coated copper magnet wire, was wound within the ferrite groove and held in 
place with aircraft epoxy. The wire and ferrite assembly were affixed within the 
grooves in the steel using a thermally cured polyurethane resin. The ends of the 
copper wire were allowed to extend approximately 0.5 inches beyond the coupler 
apparatus and were soldered to the conductors of a type 1674A, coaxial cable, 
34 feet long, having a characteristic impedance 50 ohms, obtained from Beldon 
Cable. The cable was protectively sheathed within a thermoplastic PEEK® ma- 
terial obtained from Zeus Products, and the length of cable was coiled within the 
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hollow portion of the joint assembly and held in place with a polyvinyl chloride 
(PVC) sleeve. 

A drilling test was conducted in a 100 foot well using thirty physically 
short, electronically full-length joints configured as described above. A seven- 
inch roller-cone bit sub from Reed Tool was fitted with an accelerometer, an FM 
modulator, and a battery power supply, which were sealed in an annular insert 
housed within the crossover sub connecting the drill string with the bit. The joints 
were assembled so that their respective transducers were concentrically aligned 
to within approximately .01 0 W of each other. In the test the drill bit drilled a ce- 
ment plug with and without the aid of a drilling fluid. A 6V peak-to-peak sinusoi- 
dal signal (90mW into 50 ohm) at the bit sub gave a clean 80 mV PP signal (50 
ohm load) at the surface, which was 32 inductive couples and approximately 
1000 electrical feet above the source signal. The two extra inductive pairs com- 
prised a pair at the accelerometer sub and a rotary pair at the top drive. The au- 
dible portion of the accelerometer signal (below 20 kHz) produced an audio sig- 
nal that enabled the ear to discriminate mud turbulence from drilling activity- 
It should be noted that the above description and the attached drawings 
are illustrative and not restrictive. Many variations of the invention will become 
apparent to those of skill in the art upon review of this disclosure. Merely by way 
of example, although much of the discussion above has involved the preferred 
inductive coils with MCEI elements as communication elements, the use of other 
types of communication elements is within the scope of the invention. The scope 
of the invention should therefore be determined, not with reference to the illustra- 
tive and exemplary description above, but with reference the appended claims. 
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WE CLAIM: 

1 . A system for transmitting data through a string of downhole components, 
the system comprising: 

a plurality of downhole components, each with a pin end and a box end, 
the pin end of one downhole component being adapted to be connected to 
the box end of an other downhole component, each pin end comprising ex- 
ternal threads and an internal pin face distal to the external threads, said in- 
ternal pin face being generally transverse to the longitudinal axis of the 
downhole component, and each box end comprising an internal shoulder 
face with internal threads distal to the internal shoulder face, said internal 
shoulder face being generally transverse to the longitudinal axis of the down- 
hole component, and wherein the internal pin face and the internal shoulder 
face are aligned with and proximate each other when the pin end of the one 
component is threaded into a box end of the other component; 

a first communication element located within a first recess formed in each 
internal pin face; 

a second communication element located within a second recess formed 

in each internal shoulder face; and 

a conductor in communication with and running between each first and 
second communication element in each component. 
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2. The system of claim 1 wherein the first and second communication ele- 
ments are selected from the group consisting of inductive coils, acoustic transceiv- 
ers, optical fiber couplers, and electrical contacts. 

3. The system of claim 1 wherein the first and second communication ele- 
ments are inductive coils. 

4. The system of claim 1 wherein the internal pin face and the internal 
shoulder face of connected components are less than 0.03° apart. 

5. The system of claim 1 wherein the internal pin face and the internal 
shoulder face of connected components are touching. 

6. The system of claim 1 wherein the internal pin face and the internal 
shoulder face of connected components are in a state of compression. 

7. The system of claim 1 wherein the box end further comprises an external 
shoulder face distal to the internal threads and the pin end further comprises an 
external pin face and wherein the external shoulder face and the external pin face 
are aligned with and proximate each other when the pin end of the one component 
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is threaded into the box end of the other component. 

8. The system of claim 7 wherein the external pin face and the external 
shoulder face of connected components are in a state of compression and the 
respective pin face and the shoulder face are touching. 

9. The system of claim 7 wherein the external pin face and the external 
shoulder face of connected components are in a state of compression and the 
respective pin face and the shoulder face are in a state of compression. 

10. The system of claim 1 wherein the first and second recesses are shaped 
and sized so as to allow the first and second communication elements to lie in the 
bottom of the respective recesses and be separated a distance from the top of the 
respective recesses, whereby the surface of the component wherein the recess is 
formed can be machined without damaging the communication element lying 



11. A system for transmitting data through a string of downhole components, 
the system comprising: 

a plurality of downhole components, each with a pin end and a box end, 
the pin end of one downhole component being adapted to be connected to 



therein. 
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the box end of an other downhole component, each pin end comprising ex- 
ternal threads and an internal pin face distal to the external threads, said in- 
ternal pin face being generally transverse to the longitudinal axis of the 
downhole component, and each box end comprising an internal shoulder 
face with internal threads distal to the internal shoulder face, said internal 
shoulder face being generally transverse to the longitudinal axis of the down- 
hole component, and wherein the internal pin face and the internal shoulder 
face are aligned with and proximate each other when the pin end of the one 
component is threaded into a box end of the other component; 



a first inductive coiDlocated within a first recess formed in each internal pin 



ameIedrical)conductor in electrical communication with and running be- 



tween each first and second coil in each component. 

12. The system of claim 1 1 wherein the box end further comprises an exter- 
nal shoulder face distal to the internal threads and the pin end further comprises an 
external pin face and wherein the external shoulder face and the external pin face 
are aligned with and proximate each other when the pin end of the one component 




face; 



a second(1nductive collocated within a second recess formed in each in- 



ternal shoulder face; 
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is threaded into the box end of the other component. 

13. The system of claim 1 1 further comprising: 

a first magnetically conductive, electrically insulating element within the 
first recess with the first inductive coil located therein, and which includes a 
first U-shaped trough with a bottom, first and second sides and an opening 
between the two sides; 

a second magnetically conductive, electrically insulating element located 
within the second recess with the second inductive coil located therein, and 
which includes a second U-shaped trough with a bottom, first and second 
sides and an opening between the two sides; the first and second troughs be- 
ing configured so that the respective first and second sides and openings of 
the first and second troughs of connected components are substantially 
proximate to and substantially aligned with each other; 

wherein a varying current applied to a first coil in one component gener- 
ates a varying magnetic field in the first magnetically conductive, electrically 
insulating element, which varying magnetic field is conducted to and thereby 
produces a varying magnetic field in the second magnetically conductive, 
electrically insulating element of a connected component, which magnetic 
field thereby generates a varying electrical current in the second coil in the 
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connected component, to thereby transmit a data signal. 

14. The system of claim 13 wherein the magnetically conductive material is 
formed in segments within the first and second recesses, each segment inter- 
spersed with magnetically nonconductive material. 

1 5. The system of claim 1 1 wherein the system is adapted to transmit data 
at a rate of at least 100 bits/second. 

1 6. The system of claim 1 1 wherein the system is adapted to transmit data 
at a rate of at least 20,000 bits/second. 

17. The system of claim 1 1 wherein the system is adapted to transmit data 
at a rate of at least about 1,000,000 bits/second. 

1 8. The system of claim 1 1 wherein the system is also used to transmit elec- 
trical power along the drill string. 

19. The system of claim 13 wherein the magnetically conductive, electrically 
insulating element has a magnetic permeability greater than 40. 
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20. The system of claim 13 wherein the magnetically conductive, electrically 
insulating element has a magnetic permeability greater than about 100. 

21 . The system of claim 1 3 wherein the magnetically conductive, electrically 
insulating element comprises ferrite. 

22. The system of claim 21 wherein the ferrite has a magnetic permeability 
greater than about 40. 

23. The system of claim 1 3 wherein the magnetically conductive, electrically 
insulating element comprises a magnetically soft metal in an electrically non- 
conductive structure. 

24. The system if claim 23 wherein the structure is selected from the group 
consisting of a powdered magnetic material in an insulating matrix and a magnetic 
material between insulating layers. 

25. The system of claim 1 3 wherein the openings in the first and second 
troughs are filled with an electrically insulating material, thereby encapsulating the 
first and second conductive coils lying therein. 
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26. The system of claim 25 wherein the electrically insulating material is se- 
lected from the group consisting of polyurethane, epoxy, silicone, rubber and 
phenolics, as well as combinations thereof. 

27. The system of claim 1 1 wherein the first and second conductive coils are 
made from a single loop of insulated wire. 

28. The system of claim 1 1 wherein the first and second conductive coils are 
made from at least two turns of insulated wire. 

29. The system of claim 1 1 wherein the first and second recesses are 
shaped and sized so as to allow the first and second inductive coils to lie in the 
bottom of the respective recesses and be separated a distance from the top of the 
respective recesses, whereby the surface of the component wherein the recess is 
formed can be machined without damaging the inductive coil lying therein. 

30. The system of claim 1 1 wherein the system is adapted to transmit data 
through at least 10 components powered only by the varying current supplied to one 
of the first conductive coils in one of the components. 
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31 . The system of claim 1 1 wherein the system is adapted to transmit data 
through at least 20 components powered only by the varying current supplied to one 
of the first conductive coils in one of the components. 

32. The system of claim 1 1 wherein the varying current supplied to the first 
conductive coil in the one component is driving a varying potential having a peak to 
peak value of between about 10 mV and about 20 V. 

33. The system of claim 1 1 further comprising amplifying units in at least 
some of the components for amplifying the data signals. 

34. The system of claim 33 wherein each of the amplifying units is powered 
by a battery. 

35. The system of claim 34 wherein the amplifying units are provided in no 
more than 10 percent of the components in the string of downhole components. 

36. The system of claim 1 1 wherein the power loss between two connected 
components is less than about 15 percent. 
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37. The system of claim 1 1 wherein the current loss between two connected 
components is less than about 5 percent. 

38. The system of claim 1 1 wherein the ratio of the impedance of the electri- 
cal conductor to the impedance of the first and second electrically conductive coils is 
between about 1:2 and 2:1. 

39. The system of claim 1 1 wherein the magnetically conductive, electrically 
insulating element is formed in segments which are carried on a substrate, the 
substrate having a modulus of elasticity less than steel. 

40. The system of claim 1 1 wherein the magnetically conductive, electrically 
insulating element is formed in segments, with a compressible material between 
otherwise adjacent segments. 

41 . A system for transmitting data through a string of downhole components, 
the system comprising: 

a plurality of downhole components, each with a first end and a second 
end, the first end of one downhole component being adapted to be connected 
to the second end of another downhole component; 
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a first magnetically conductive, electrically insulating element located 
proximate the first end of each downhole component, which includes a first U- 
shaped trough with a bottom, first and second sides and an opening between 
the two sides, with the magnetically conductive material being formed in 
segments, each segment interspersed with magnetically nonconductive ma- 
terial; 

a second magnetically conductive, electrically insulating element located 
proximate the second end of each downhole component, which includes a 
second U-shaped trough with a bottom, first and second sides and an open- 
ing between the two sides, with the magnetically conductive material being 
formed in segments, each segment interspersed with magnetically noncon- 
ductive material; the first and second troughs being configured so that the re- 
spective first and second sides and openings of the first and second troughs 
of connected components are substantially proximate to and substantially 
aligned with each other; 

a first electrically conducting coil in each first trough; 

a second electrically conducting coil in each second trough; and 

an electrical conductor in electrical communication with and running be- 
tween each first and second coil in each component; 

wherein a varying current applied to a first coil in one component gener- 
ates a varying magnetic field in the first magnetically conductive, electrically 
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insulating element, which varying magnetic field is conducted to and thereby 
produces a varying magnetic field in the second magnetically conductive, 
electrically insulating element of a connected component, which magnetic 
field thereby generates a varying electrical current in the second coil in the 
connected component, to thereby transmit a data signal. 

42. The system of claim 41 wherein the magnetically conductive, electrically 
insulating element has a magnetic permeability greater than 40. 

43. The system of claim 41 wherein the magnetically conductive, electrically 
insulating element has a magnetic permeability greater than about 100. 

44. The system of claim 41 wherein the magnetically conductive, electrically 
insulating element comprises ferrite. 

45. The system of claim 44 wherein the ferrite has a magnetic permeability 
greater than about 40. 

46. The system of claim 41 wherein the magnetically conductive, electrically 
insulating element comprises a magnetically soft metal in an electrically non- 
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conductive structure. 

47. The system if claim 46 wherein the structure is selected from the group 
consisting of a powdered magnetic material in an insulating matrix and a magnetic 
material between insulating layers. 

48. The system of claim 41 wherein the openings in the first and second 
troughs are filled with an electrically insulating material, thereby encapsulating the 
first and second conductive coils lying therein. 

49. The system of claim 48 wherein the electrically insulating material is se- 
lected from the group consisting of polyurethane, epoxy, silicone, rubber and pheno- 
lics, as well as combinations thereof. 

50. The system of claim 41 wherein the first and second conductive coils are 
made from a single loop of insulated wire. 

51 . The system of claim 41 wherein the first and second conductive coils are 
made from at least two turns of insulated wire. 
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52. The system of claim 41 wherein the first and second recesses are 
shaped and sized so as to allow the first and second inductive coils to lie in the 
bottom of the respective recesses and be separated a distance from the top of the 
respective recesses, whereby the surface of the component wherein the recess is 
formed can be machined without damaging the inductive coil lying therein. 

53. A system for transmitting data through a string of downhole components, 
the system comprising: 

a plurality of downhole components, each with a pin end and a box end, the 
pin end of one downhole component being adapted to be connected to the box 
end of an other downhole component, each pin end comprising external threads, 
and each box end comprising internal threads; 

a first recess formed in each pin end; 

a second recess formed in each box end, wherein the first and second re- 
cesses of connected components are substantially proximate and aligned with 
each other; 

a first communication element located within each first recess; 

a second communication element located within each second recess; and 

a conductor in communication with and running between each first and seo- 
ond coil in each component; 
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wherein the first and second recesses are shaped and sized so as to al- 
low the first and second communication elements to lie in the bottom of the 
respective recesses and be separated a distance from the top of the respec- 
tive first and second recesses, whereby the surface of the component 
wherein the recess is formed can be machined without damaging the com- 
munication element lying therein. 

54. The system of claim 53 wherein the distance is at least about 0.01 
inches. 

55. The system of claim 53 wherein the distance is at least about 0.06 
inches. 

56. The system of claim 53 wherein the first and second communication 
elements are selected from the group consisting of inductive coils, acoustic trans- 
ceivers, optical fiber coupler, and electrical contacts. 

57. The system of claim 53 wherein the first and second communication ele- 
ments are inductive coils. 
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